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INTRODUCTION 

The plasma and neutral particle populations in thc magnetosphere of Saturn have been 

the subject of considcrable study since thc iti situ obscrvations of the Pioneer 11 and Voyagcr 

1 and 2 spacecraft. The Voyager ion data havc becn prcscntcd in detail by Lazarus and 

McNutt (1983) and Richardson ( 1986) and a similar exposition of the electron data has becn 

published by Sittlcr et ai. (1983). Eviatar (1984) has discusscd thc implications of thc spatial 

and compositional structures discovcrcd by thc Voyclgcr Plasma Scicncc (PLS) instrumcnt and 

has shown that the outcr boundary of the so-callcd "plasma mantle" (Krimigis et 01.,1981) is a 

magnetohydrodynamic phcnomenon, whereas the inncr boundary is a result of thc dissociative 

recombination of molecular ions. I 

I 
1 

More recently, Richardson et ai. (1986) have modclcd in detail the atomic and molecu- 

lar processes occurring in the tori associated with thc inner satellites, Enceladus, Tethys- 

Dione and Rhea They find that recombination will limit the tori of Enceladus and Tcthys- 

Dione to the observed densities even in the abscnce of transport, while at the radial distance 

of Rhea, transport begins to play a rolc because of the radial increase of elcctron tcmperature 

'.,h:& I* 1 suppresses dissociative recombination. The derived composition differs significantly 

from that usually assumed They find a light ion component consisting of 75% protons and 
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25% H1+ and. a heavy ion component ma& UP of roughly equal amounts of O+, OH+ and 

H@+. The sputtering yields of Bar-Nun et a/. (1985) wcrc used for the corotating thcrmal 

ions and those of Lanzcrotti et al. (1983,1984) and Brown et al. (1982) for thc energetic par- 

ticles. 

In this paper, we shall carry out a similar analysis for the Titan region of the magneto- 

sphere. Eviatar and Podolak (1983) have pcrformed an analysis involving atomic hydrogen 

and nitrogen and their respective ions. They used the parameters observed by Voyager, pro- 

ton and nitrogen ion source strengths and number densitics (Bridge et al. 1981; Hartle et al. 

1982) and the density and sizc of the neutral atomic hydrogcn cloud (Broadfoot et al. 1981) 

to find the neutral atomic hydrogen and nitrogen source strengths, the neutral atomic nitrogen 

number density and the mcan plasma radial transport rate. Molecular hydrogen was not 

included in their model. Thcy found irtter alia an atomic hydrogen source strength of 

2 . 4 ~ 1 0 ~ ~  sec-', which was consistcnt with that estimatcd from the Lyman-a observations of 

Broadfoot et al. ( 198 I). 

The escape of molccular hydrogcn from Titan was prcdictcd by Hunten (1973,1977). 

The presence of H2 in thc lowcr atmosphcre of Titan was confirmed by Samuelson et nl. 

(1981) who found a mixing ratio relative to N, of (2f1).104. An altitudc profile of H, den- 

sity has been calculated for the atmosphere of Titan by Bcrtaux and Kockarts (1983) who 

solve the relevant difhsion equation analytically for a spherical isothermal atmosphere. Their 

calculation lcads to the prediction of a diffusion limited escape flux of 2.5*109 cm4sec-1 at a 

Titmocentric distance of 4100 km, which corrcsponds to a source strength of 5.3-102' sec-* in 

the magnetosphere. They find that return flow is negligible and predict an undetected cloud 

of molecular hydrogen of 100 cm", which is five times the observed number density of 

atomic hydrogen (Broadfoot et al. 1981). Yung el al. (1984) estimate an escape flux from the 

photochemical production of H, and its chcmical stability and predict a value of 

7.2.1 Os cm %ec -I. 

Ip (1984) estimated the effect on such a cloud of charge exchange with protons of radia- 
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tion belt energy. He interprets the observation of cnergetic neutrals outside the magnetosphere 

(Kirsch et al. 1981) to indicatc a sink strength of about 5.1024sec'1 and thereby finds an 

upper limit of 10 cm9 for the H2 density in the ambient magnetosphere in the presence of the 

Titan source predicted by Huntcn (1973,1977). 

We shall consider below the implications of the above H2 and H sourcc strengths for 

the neutral and plasma composition of the g3s populating the outer magnetosphere. We 

include the full gamut of atomic and transport proccsscs$and H source strength. We shall 

show that the observed plasma density and composition are consistent with an escape rate of 

H2 and H no grcatcr than a fcw times 10% and discuss the implications of this finding for 

models of the upper atmospherc of Titan. 

EQUATIONS AND PARAMETERS OF THE MODEL 

The nature and quantity of the mattcr that Titan injccts into the magnctosphcre of 

Saturn can be inferred from the PLS flyby results for the plasma components (Hartle et al. 

1982) and from the Voyager Ultraviolet Scicncc (UVS) spcctrometcr and the implied chemis- 

try for the neutrals (Strobel and Shcmansky, 1982). Since the PLS instrument which measures 

mass per unit charge for a given velocity cannot difrcrentiate bctween the two possible candi- 

dates for the role of the ion of mass 28 apparcntly observed in the Titan plume, 

N$ or H2CN+, (Hartle, et al. 1982), wc have solvcd thc inodcl rate cquations for both cases. 

Although the ion molccules 3re hcavy, thcir scalc hcights will be doubled relative to that of 

their parent neutrals because of ambipolarity. Once thcy reach the exosphere where the 

gyrofrequency exceeds the collision rate, they will be readily removed by the corotation elec- 

tric field (Eviatar and Podolak, 1983). The ambiguity arises from the fact that Na is seen in 

the atmosphere of Titan (Smith et af. 1982) which implies the existence of the ion molecule, 

while Hac"+ has been predicted to be the end product of the nitrogen- hydrogen photochem- 

istry expected to take place in Titan's upper atmosphere (Strobel and Shemansky, 1982). 

In the magnetosphere, the escaped Titanian mattcr will be subject to various processes. 

The neutral molecules will be both dissociated and ionized and the neutral atoms ionized by 
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both solar ultraviolet radiation and electron impact. We have ignored dielectronic recombina- 

tion of atomic ions (Jacobs er al. 1979) since at the observed ambient electron temperature of 

100 eV (Sittler et af. 1983), the rate of this proccss is essentially zero. All species, both neu- 

tral and ionized will participate in charge exchange and ion-atom interchange reactions. For 

the case of N1+ as the heavy ion, the chcrnistry will Icad to the formation of minute amounts of 

various nitrogen hydridcs whcrcas the only magnetospheric proccss involving H2CN+ is disso- 

ciative recombination. The rate equations describing the evolution of the densities of the vari- 

ous species under thesc processes are of the following four types corresponding to the various 

. particle species, neutral and ionized molecules and atoms: 

where the following notation has been used: Thc subscripts j and k dcnote individual 

species, 6kj is the Kronecker dclta, the superscripts (m,n), (m,i), (a,n) and (a,i) denote 

molecules, neutral and ionized and atoms, neutral and ionized rcspectivcly and the super- 

scripts (a+m,n) and (a+m,i) imply that k is to be summed over both atomic and molecular neu- 

tral or ionized species. Fjmin) ,Fj"."), Fl("*') and F,f0li) denote the total output of neutral and 

ionized molecules and atoms from Titan, ai is the electron impact ionization rate coefficient, 

the electron impact dissociation rate coeficient, 9t(i) the photoionization rate, qJd)  the pho- 

todissociation rate, upr the charge exchange cross scction between neutral p and ion q, v the 
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relative velocity between the reactants taken to be the mcan corotation speed, n i p 1 0  the 

number density of constituent j which is Of structure p(m or a) and charge state q(n or i), ne is 

the electron density, Y is the plasma transport rate takcn to be 2.3.104sec-1 (Eviatar and 

Podolak, 1983) and V is the volume of the torus ~3-1033crn3. 

For the case of N$ chemistry, thcre will be I2 equations and 8 for the case of H2CN+. 

We solve the equations for each case numerically starting with an empty magnetosphere and 

continuing until a stcady statc is rcachcd. Thc L-dcpendcnt parameters used in the modcl 

have been averagcd over the rcgion from 15 to 25 R S .  Thc reaction rates, coeEc.icnts and 

cross sections have bccn gathcrcd from various sourccs in the published literature and are 

tabulated in the Appcndix along with the source strengths and species for each case. 

RESULTS 

In Table I ,  we comparc the Voyager PLS rcsults taken near Titan with the results 

obtained for each heavy ion identity from the modcl equations in which the H 2  source 

strength of Bertaux and Kockarts (1983) and the H source strength of Eviatar and Podolak 

(1983) have been used. The PLS results were obtained by choosing spectra with unambiguous 

light ion peaks and fitting the spectra isotropic Maxwellion dis- 

*. . 
G H  c g - - y r G ~  r+ g +  ~ A P  i + ~  ut' + 

tributions. The values measured outside of 20RS have uncertainties of less than 20%. The 

H a  densities inside of La17 are to be regarded as uppcr limits, while the proton densities in 

this region are accurate to within 10%. It is apparcnt that the calculated proton and HZ+ densi- 

ties greatly exceed those observed. Therefore, it is reasonable to ask what are the maximum 

hydrogen source strengths that can be accommodated by the observations. 

In Figure 1 we plot the proton and H$ dcnsitics against the Ha source strength (normal- 

ized to the Bertaux-Kockarts value) for various values of the atomic hydrogen source strength 

(normalized to the Eviatar-Podohk value) for N1+ chemistry. Figure 2 shows the same vari- 

ables and parameters for the casc in which H&N+ is the hcavy ion. Since the H1+ density 

turns out to be nearly totally insensitive to the atomic hydrogen source strength, only one 

curve, the dashed line, was plottcd for it. 
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Comparison of the graphs which are highly similar to one another with Tables 1 and 2 

indicates that values of the densities consistent with the Voyager observations can be attained 

for values of the source strengths about an ordcr of magnitude less than the nominal values. 

Thus the plasma torus of the Titan region constrains both the atomic and molecular source 

strengths of Titan to be of the order 4.1020sec-1. 

An additional observational constraint that must be satisfied is the observed neutral 

atomic hydrogen density of about 20 cm4 (Broadfoot el al. 1981). It is of interest to attempt 

to use this constraint as a means of identifying the hcavy ion in the Titan plume. Analysis of 

the Voyager spectra shows that an ion of mass 14 or 28 amu is present in the plume, but not 

both. Since it is not possiblc to determine the mass of thc heavy ion from the data, we have 

solved the equations 1-4 for three possible cases, namely A!+, N1+ and H2CN+each as the sole 

heavy ion in the plumc, with the source strcngth of 7.5.10%x4. This value is obtained from 

the PLS observation of a density of 27 cm-3 at flyby flowing out from Titan at 14 km/sec. 

We assume this flux to be corning from thc surfacc of a sphcrc of radius 4100 km This iono- 

pause radius was obtaincd by Eviatar and Podolak (1983) by equating the gyrofrequency to 

the ion- neutral collision rate. Hartle et al. (1982) found an ionopause distance of 4400 km by 

equating the ion-neutral mcan free path to the horizontal flow scale length. We use the hydro- 

gen source strengths, atomic and molecular, of 4.lOz0 sec-1, derived above. The results are 

shown in Tables 3A, 3B and 3C. 

We note that the case of H2CN+ predicts a ncutral atomic hydrogen density far below 

that of the other two cases and well below that which is obscrvcd. Thus, H2CN+ may be elim- 

inated as the plume heavy ion. The cases of N+ and N1+ both predict neutral atomic hydrogen 

cloud densities that are consistent with observation and cannot be distinguished on the basis 

of the hydrogen cloud. The density of NZ is very sensitive to the identity of the heavy ion, 

but unfortunately the maximum density predicted is below the detector threshold of the Voy- 

ager PLS instrument. The density of N+, on the other hand is almost totally insensitive to the 

identity of the plume heavy ion. This is 3 rcsult of the fact that most of the ambient atomic 
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nitrogen ions are crcatcd by ionization of ncutral atomic nitrogen in the magnetosphere, the 

SoUrCC strength of which is nearly 20 tirncs that Of thc plumc hcavy ion. If wc had used the 

higher ncutrnl at0m.k nitrogen source strength Of 3.10M sec-I proposcd by Strobe1 and She- 

mansky (1982), the effect would be evcn more significant. Wc point out that the use of thc 

source strength computed by Eviatar and Podolak (1983) gives an N+ density consistcnt with 

the heavy ion density observed. 

It has been suggested by Barbosa and Eviatcu (1986) that ionization and pickup of 

titanogenic nitrogen followcd by subscquent prccipitation to the atmosphere might be the 

source of kroninn aurora. In ordcr to supply thc needcd 200 MW, a neutral nitrogen source 

strength of 6.10% set' would be required for a nitrogen ionization lifetime to 3.107sec, which 

implies a neutral nitrogen density of 7 mid. We have run the case of the Strobel-Shemansky 

(1982) source strength (3.10% set") and find a density of 4.4 cm4 and a nitrogen Iiretime of 

4 . 4 ~ 1 0 ~  sec. This run, the results of which are shown as Table 4 predicts H, H+and N+ den- 

sity values consistent with obscrvation. In vic-w of thc unccrtainties inherent in our prescnt 

knowledge of the rnagnetosphcre or Saturn, the two picturcs do not appear to be in conflict. 

DISCUSSION 

We have shown, within the limits of thc accuracy of thc parameters used in the model, 

that the accepted values of the atomic and molecular hydrogcn source strengths of Titan 

exceed, by an order of magnitude, the values that are consistent with the proton and Hz den- 

sities observed by the Voyager PLS instrument in the outer magnetosphere of Saturn. The 

observed source strengths are consistent with the obscrved neutral atomic hydrogen cloud 

density. Such a discrepancy is significant and rcquires a rcasscssment of the estimations of the 

source strengths, 

In the study of Eviatnr and Podolak (1983), only four species, atomic hydrogen and 

nitrogen and their respective first ions were considered. At that time the PLS data were still 

in a prelimin;rry state of analysis and it was thought that the densities of ions of mass two and 

three were below the noise level of the instrument, which placed a firm upper level on them. 
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The neutral hydrogen and proton densities WCrC fixed at observed values and in the absence 

Gf Jf,f as a reactant and of H ,  as a source of atomic hydrogcn via impact and photodissocia- 

tion, the calculatcd high source strcngth Of atomic hydrogcn appeared to be a consistent result 

of the model. The arguments givcn for the neglcct of molecular hydrogen in the face of the 

predictcd source strength (Hunten, 1977) were not tested quantitatively until the present 

study. It is worthy of mcntion in this contcxt thnt Strobel and Shcmansky (1982) were thc first 

to dcrivc on atomic hydrogcn source strcngth in the rangc of a fcw times 10ldsect on the 

basis of the Voyager UVS results. 

The discrepancy in the H3 source strcngth calculated by Bertaux and Kockarts (1983) 

may.have a varicty of soucccs. Thcy assumed that thc diffusion limited flux is equal to the 

Jeans flux. This, in itself, may bc a source of somc dcgrce of ovcrestimation of the escapc 

flux. Chamberlain (1969) has found that the Jeans factor, i.e. the ratio of the escape flux to 

Jeans flux, will be of order 0.5 for hydrogen escaping from 3 heavy background gas and will 

depend weakly on the ratio of escapc to thcrmal vclocitics. This result was confirmed by 

more sophisticated calculations of Brinkman (1971). The numerical estimate of Bcrtaux and 

Kockarts (1983) is, moreover, based on the molccular hydrogen mixing ratio determination of 

Samuelson et al. (1981). Their data analysis based on opacity measurements is somewhat 

model-dependent and could, in principle, bc influenced by uncertainties in the parameters 

used to derive their results. 

In view of the result that the reduced source strcngths reproduce the observed magneto- 

sphere densities of H, H+ and H:, it appears advisable to readdress the question of the abun- 

dance and escape flux of hydrogen from the atmosphcre of Titan. 
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APPENDIX 

In this appendix, we present the species, reaction rates of the various processes that take 

place and the source Strengths assumed for the initial calculations. For those reactions for 

which we could not find publishcd rcaction ratcs, we uscd the Langevin relation as presented 

by Gioumousis and Stcvenson ( 1958): 

k = 2 ~ q ( ~ ) ' ' k l O + '  cnz3 XC-' 
c1 

The photoionization and photodissociation rates wcrc found by taking the cross sections 

given by Osterbrock (1974) for H and N and by de Jong et al. (1980) for H2 and folding them 

into the solar spectra of Torr et af. (1  979) scaled out to Saturn. We average over a solar cycle 

to obtain the results listed below. The electron impact dissociation rate for molecular hydro- 

gen was obtained from Giguere and Huebner (1978). 

In the list of sources for the various rates we use the following abbreviations: 

Giguere and Huebner, 1978 GH 

Prasad and Huntress, 1980 PH 

Gioumousis and Stevenson, 1958 GS 

In the list of source strengths the abbreviation PLS rcfcrs to values derived from the Plasma 

Science Experiment on Voyager 1, which flew past Titan. 



Source Strengths for the Titan Problem 

SPECIES VALUE s a - '  SOURCE 

H 2.4.1 027 Eviatar and Podolak (1983) 

N 7.51 0% Eviatar and Podolak (1983) 

H:, 4.6. i 017 Bcrtaux and Kockarts ( 1  983) 

PLS H+ 4.0. I 024 

N+ 4.04 0" PLS 

N1+ 2.0.1 0% PLS 
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Species for N2 chemistry 

1 H  
2 N  
3 H1 
4 H+ 
5 N+ 
6 H1+ 
7 HS+ 
8 N1+ 
9 NH+ 

1 1  N H Z  
10 NzH+ 

12 "2 

Spccics for H&N+ chemistry 

1 H  
2 N  
3 H 1  
4 H +  
5 N+ 
6 HZ+ 
7 H.$ 
8 H,CN+ 
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DISSOCIATION OF h10LECULAR SPECIES 
Dissocintivc Rccombination of Molcculnr Ions 

Ratc CM~SCC-' Sourcc 
4.8. IO-" G 1-1 
2.4. I O4 PD 
6.3. IO4 
2.2.109 GI1 
2.2.10-0 GI1 
4.8*109 GI1 
6.3. I O-" GI1 
4.8.10" GI-I 

LCU et nl. (1973) 

Proccss Rate 
Photodissociation 4.3-10''0 sec-l 
Elcctron impact 5.9.104 c d  sec-' 
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IONIZATION 
Photoionization Rate Coefficients 

Spccics Value sec-' Source 

H 6.51 O-" Computed 
N 7.0.1 O-" Computed 
Ha 5.4.1 O"0 Computed 

Electron Impact Ionization Rate Cocfficients 

Species Value crn3sec-' Sourcc 

H 3.1. I Oa Lotz ( 1967) 
N 7.9.10+3 Lotz (1967) 
Ha 5.9.1 oa Kicffcr (1969) 



Reactant 

H+ 

N +  

H,+ 

H3+ 

N1+ 

NH+ 

N,H+ 

NH1+ 

“2 
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Chargc Exchangc Rcactions 

Products 

H + +  H 

H + +  N 

H + +  H 2  

Ha + H ,  

H++ N2 

H+ + NI-I 

H++ N2H 

H+ + NH2 

H +  + N H 3  

Rate cm3sec-‘ 

1.6. I O’O 

2.54 O4 

2.8.10-O 

2.2.104 * 

I .os I 04 

2.0.10-Q 

i.9.104 

2.0.104 

2.0.1 o4 

Source 

Ncwman et nl. (1982) 

Stcbbings et al. (1960) 

Masscy and Burhop (1952) 

GS 

Barsuhn (1977) 

GS 

GS 

GS 

GS 



Reactant 

H+ 

N +  

Hz? 

H3+ 

Nz+ 

N H +  

NH1+ 

- 20 - 
Charge Exchange Reactions 

Neutral N 

Products 

N + + H  

N + + N  

N + +  H2 

NH$ + H 

N++ N ,  

N$ + H 
N,H++ H 

Rate cmSsec-' 

1.1*10" 

1.5.10* 

1 .o* 104 

2.0.104. 

1,1*10-11 

I .3*10-O 

9.0-10-'~ 

Source 

Stebbings er af. (1960) 

Hostcd ( 1976) 

GH 

PH 

GH 

PH 

PH 
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Charge Exchmgc Rcactions 

Neutral H 2  

H+ 

N+ 

H1+ 

N,+ 

NH+ 

NpH+ 

"2 

NH$ 

H $ + H  

H , + + N  

H,+ + H 2  

NzH+ + H 

NH$ + H 

H3+ + N 2  

NH$ + H 

NHI+ + H 

7.1. I 0-l' 

4.8*10'" 

2.2- 1 o+ 

1.7*109 

9.5*10-'" . 

5.1. IO-18 

I .2* 10-10 

9.7.10-'2 

Tawarr! (1978) 

GH 

Masscy and Gilbody (1974) 

GH 

GH 

Albtitton (1978) 

PH 

GH 
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Table I 

Voyager 1 proton and H$ densitics ncar Titan 

L 

22.73 

22.65 

20.99 

20.94 

20.89 

20.83 

20.78 

20.75 

16.78 

16.57 

16.38 

16.09 

15.40 

H+cm4 

.07 

.I2 

.03 

.06 

.03 

.04 

.IO 

.OS 

.I6 

.ll 

.I5 

.I2 

. I  1 

H$ em* 

.07 

.IO 

.06 

.06 

.09 

.08 

.08 

.09 

.IO 

.12 

.09 

.06 

. I  1 
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Tablc 2A 

Calculated dcnsitics in thc Titan Rcgion 

Atomic hydrogcn souccc: Eviatar-Podolak 

Molecular hydrogen source: Bcrtaux-Kockarts 

N1+ as Titan plumc hcmy ion 

Specics 

H 

N 

H2 

H+ 

N+ 

NH+ 

H1+ 

N,+ 

Hi+ 

N&+ 

"2 
NH$ 

Dcnsity cm4 

30.3 

.57 

9.04 

.68 

.03 

2.1.10" 

.63 

3.0.1 O4 

.06 

2.0.IO-b 

7.4.1 O-' 

3.5*10-'0 

Electrons I .40 
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Table 2B 

Calculated Densities in the Titan Region 

Atomic Hydrogen Source: Eviatar-Podolak 

Molecular Hydrogen Source: Bertaux-Kockarts 

H,CN+ as Titan Plumc Heavy Ion 

Specics 

H 

N 

H2 

H +  

N+ 

Hz+ 

Hs+ 

H2CN+ 

Electrons 

Dcnsity crn4 

18.2 

.33 

5.2 

.70 

.03 

.70 

.54 

.58 

2.54 
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Table 3A 

Calculatcd Dcnsitics in the Titan Rcgion 

Atomic Hydrogcn Sourcc: 4.1 020sec-1 

Molecular Hydtogcn Sourcc: 4-1020sec-L 

N+ as Solc Titan Plume Heavy Ion 

Species 

H 

N 

H2 

H+ 

N +  

NH+ 

H1+ 

Nz+ 

Hi+ 

N&+ 

NH$ 

NH3+ 

Dcnsity cm4 

17.5 

1.3 

6.6 

.09 

.o I 

5.0-1 Od 

.06 

3.51 0% 

3.7.1 O5 

1.7. I 0"O 

1.3.10-' 

4.6.1 0-'' 
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Table 3 8  

Calculatcd Dcnsitics in the Titan Rcgion 

Atomic Hydrogen Source Strength: 4.1020sec'1 

Molccular Hydrogen Source Strcngth 4.1 026-' 

N,+ as Sole Titan Plume Hcavy Ion 

Species 

H 

N 

H2 

H+ 

N+ 

NH+ 

H2+ 

Nz+ 

Hi+ 

N,H+ 

NH$ 

NH$ 

Density cm4 

17.5 

1.3 

6.6 

.09 

.o 1 

4 .51  O6 

.06 

3.7.10" 

3.7.1 O4 

1.8.10+ 

1.2.10-7 

4.2.1 0-I' 
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Table 3c 

Calculated Densities in the Titan Region 

Atomic Hydrogcn Sourcc Strcngth: 4.1020sec'1 

Molecular Hydrogen Sourcc Strcngth: 4.1 02%c - 1 

H J N +  as Sole Titon Plume Hcavy Ion 

Specks 

14 

N 

cr, 
Hf 

N+ 

Hi? 

H$ 

Dcnsity ems 

4.2 

2.2 

.84 

.09 

.o I 

.06 

.o 1 
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Table 4 

Calculated Dcnsitics in thc Titan Region 

Atomic Hydrogcn Source Strcngth 4.1020sec-1 

Molecular Hydrogen Source Strength 4.1 OZ0sec" 

Species 

H 

N 

H2 

H +  

N +  

NH+ 

H,+ 

H3+ 

Dcnsity cm4 

16.1 

4.4 

5.6 

.09 

.os 

1.64 O4 

.06 

3.2.10" 

N,H+ 1.2.1 04 

NHZ+ 3.6. IO-' 

NH3+ 1 .o* 10-10 

Electrons .20 
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E'i;;ure 1 .  Density of molccular and atomic ionized hydrogcn as a function of molecular neu- 

tral hydrogen source strength with atomic hydrogen sourcc strength as parnmctcr. Thc plumc 

hcavy ion is takcn to bc N J .  

F i g r e  2. Dcnsity of molecular and atomic ionizcd hydrogen as 3 function of molecular neu- 

tral hydrogen source strength with atomic liydrogcn source strength 3s parameter. The plume 

hcavy ion is takcn to be H,CN+. 



I 

.'; ' - 
. .. . 

0 

I 

z 

n 2 '  

2 

IO'* 

6 

2 

I I I 1 I I 1 I 

O S  I 8 6 10 ' 
0.01 0.02 0.08 OJ 0.2 

Figure 1 
i 

. . . '  

I oo3 



I '  

o a  0.02 0.08 01 02 Ob I ' 2  8 I O  

I'iwre 2 

I O  

d 

2 
I 

b 

1 

J 

IO" 

2 

2 

I 


